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Dissolved aluminium (Al) is generally at low concentrations in neutral freshwater due to its insolubility.
However, a fall in pH resulting from acid deposition and mining alters the mobility of Al and so entry to
adjacent neutral waters. The present study examines the environmental behaviour, cell-associated
surface adsorption/absorption and toxicity of Al at neutral pH to the alga Chlamydomonas gigantea in the
presence and absence of the key Al-binding ligand silica. We then examined transfer of Al from C.
gigantea to the planktonic crustacean Daphnia pulex. Finally, the effect of Al on the elemental
composition (and hence nutritional value) of the two organisms was compared to unexposed controls.
C. gigantea increased the amount of Al in the algal culture medium. Binding of Al to extracellular
glycoprotein is probably the reason why only one-third of the biosorbed Al was absorbed (accumulated)
by C. gigantea. Aluminium concentrations between 50 and 500 mg l1 reduced growth of C. gigantea at
16 days exposure to the metal. Silica reduced biosorption, accumulation and toxicity of Al by C. gigantea.
The concentration of Al in D. pulex fed Al-contaminated C. gigantea for 16 days did not differ from those
fed alga grown in the absence of added Al. C. gigantea contaminated with Al contained less sulphur,
magnesium, potassium and sodium although only sulphur fell in D. pulex subsequently fed the
contaminated alga. Chloride, calcium, iron and silicon were signiﬁcantly higher in D. pulex.
& 2009 Elsevier GmbH. All rights reserved.Introduction
At the circum-neutral pH found in most natural waters, the
concentration of dissolved aluminium (Al) is generally low
(Sutheimer and Cabaniss, 1995; Koshikawa et al., 2002; Helliwell
and Kernan, 2004) due to the low solubility of Al minerals and the
high reactivity of Al hydroxide polymers with insoluble organic
and inorganic ligands (Driscoll and Schecher, 1990). However, in
the last few decades, changes in the degree of acidiﬁcation have
noticeably altered the mobility of Al in some environments,
increasing its concentration in lakes and rivers (Gitelman, 1989),
increasing the potential to enter the food chain in neutral
receiving waters.
The speciation of Al in aquatic ecosystems is of major
importance as it is directly related to its behaviour, bioavailability
and toxicity. Aluminium is highly soluble at low (o6.0) and high
(49.0) pH, but is very insoluble in near-neutral water due to
hydrolysis and formation of Al(OH)3 (Driscoll and Schecher,
1990). Insoluble forms of Al are generally considered to be
unavailable and therefore less toxic to organisms than theH. All rights reserved.
.N. White).dissolved ion (Al3+) (Driscoll and Schecher, 1989). However,
laboratory studies have demonstrated that under near-neutral pH
conditions Al can be accumulated in signiﬁcant amounts by some
organisms, in particular ﬁlter-feeders (such as bivalves) and
grazers (such as snails), causing severe physiological and
behaviour disfunction (Elangovan et al., 1997; Kadar et al.,
2001; Desouky et al., 2002). Exogenous toxicity has also been
demonstrated in ﬁsh and crustacea due to precipitation of
insoluble Al on the gills (Pole´o et al., 1994; Alexopoulos et al.,
2003).
Organic and inorganic ligands also play an important role in
the behaviour of Al (Driscoll and Schecher, 1990; Gundersen and
Steinnes, 2003). Among the inorganic ligands that inﬂuence the
solubility, and hence bioavailability and toxicity of Al to aquatic
organisms, Si is of particular interest due to its abundance in
nature (Iler, 1979) and its high reactivity with Al hydroxides to
form less toxic hydroxyaluminosilicates (HAS) under neutral pH
conditions (Birchall et al., 1989; Doucet et al., 2001). Numerous
experimental studies have demonstrated that the toxicity of Al to
aquatic organisms such as ﬁsh, molluscs and crustaceans
decreases when Si is added to the culture medium (Birchall
et al., 1989; Campbell et al., 2000; Camilleri et al., 2003).
Aluminium is also shown to be toxic to freshwater
plankton. Several species of planktonic and benthic algae show
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photosynthesis and reproductive capacity as a consequence of
exposure and accumulation of Al at pHs between 6.0 and 8.2
(Kinross et al., 2000; Danilov and Ekelund, 2002; Sacan and
Balcioglu, 2001). Aluminium toxicity is, in part, due to its ability to
strongly bind phosphorus, thereby reducing the availability of this
nutrient (Exley et al., 1993; Vrba et al., 2006).
Phytoplankton occupies a central position in the pelagic food
web as they trap and transform almost all the energies used by
the ecosystem. They thus represent a key potential point of entry
for trace metals such as Al into the food chain (Quiroz-Va´zquez
et al., 2008). However, we can ﬁnd no studies examining the
transfer of Al through the freshwater planktonic food chain
despite the potential toxicity of this trace metal. Chlamydomonas
is one of the most common and abundant genera of green algae in
lentic ecosystems (Kolesar et al., 2002; USACE, 2002). Its ease of
culture, well-known biology and abundance has made Chlamydo-
monas a useful model to examine the uptake and toxicity of
metals (Prasad et al., 1998; Sunda and Huntsman, 1998; Kola
et al., 2004). Daphnia is a key component of the zooplankton in
eutrophic freshwaters (Sigee, 2004) and its response to trace
metals is well understood (Sarma and Nandini, 2006). However,
the response of both these genera to Al at neutral pH has not
been examined.
The objective of the present study is to examine, for the ﬁrst
time, the biosorption (here deﬁned as encompassing both
adsorption onto the surface and absorption into the cell) and
toxicity of Al at neutral pH to Chlamydomonas gigantea and the
degree of transfer of the metal to Daphnia pulex. The biosorption
of Al from the water column by C. gigantea in the presence and
absence of silicic acid was examined over the short (24 h) and
long term (16 days). The toxicity of aqueous Al to C. gigantea was
examined over 16 days. Finally, the effect of Al on the elemental
composition (and hence nutritional value) of the two organisms
was compared to unexposed controls.Materials and methods
Preparation of stock cultures
Stock cultures of the green alga C. gigantea (obtained from
Sciento Ltd., Manchester) were grown in sterilized Jaworsky
Medium (JM; Thompson et al., 1988). prepared with deionised
water. Cultures were maintained in a growth chamber under
constant light–temperature regime (50 mmol photons m1 s1;
19 1C; 16–8 h light–dark cycle). All cultures and experimental
solutions were prepared in acid-washed polycarbonate or poly-
propylene plastic ware to avoid contamination with Al and Si.
Stock cultures of D. pulex were initiated with organisms isolated
from Rostherne Mere, a well-studied unpolluted lowland lake in
North Cheshire (Reynolds and Bellinger, 1992; Krivtsov et al.,
2001). Populations were cultured in lake water previously ﬁltered
(0.45 mm) and sterilized by autoclaving at 15 psi for 15 min.
Cultures were maintained under continuous aeration and with a
similar temperature and light regime to that described above.
The Daphniawere fed C. gigantea at a concentration of 19.9103+
1.0103 cells ml1 at intervals of two to three days.Biosorption of Al to C. gigantea over the short-term (24 h)
Removal of Al from the culture medium by C. gigantea in the
presence and absence of silicic acid was examined over 24 h.
Cultures grown in JM for one week were homogenized by gently
shaking and pelleted by centrifugation at 4000 rpm for 5 min. Theconcentrated cells were then rinsed twice with JM containing no
added trace metals to ensure that free cations at the cell surface
were removed. After the ﬁnal rinse, the cells were suspended in
JM without EDTA (to avoid chelation of Al) to give a ﬁnal density
of 3.510771.8106 cells ml1. A 1 ml Sedgwick–Rafter cham-
ber and an inverted microscope were used to perform the cell
counts. Aluminium was added to the metal-free JM medium from
a stock solution of Al(NO3)3 at pH 3.0 to give ﬁnal concentrations
of 50, 100 and 500 mgl1. A control (JM with no added Al) was
also run. Aluminium concentrations were chosen to encompass
levels non-acutely toxic to aquatic biota (Elangovan et al., 1997;
Danilov and Ekelund, 2002; Lydersen et al., 2002). The Al
concentrations were prepared in the absence and presence of
5 mgl1 of Si, added as Na2SiO3. The pH was adjusted to 7.0 with
1 M HCl or NaOH. The experiment was carried out over 24 h and
in triplicate.
At 4 and 24 h, 20 ml of culture was placed in a centrifuge tube
and the cells pelleted at 4000 rpm for 5 min. The supernatant was
siphoned off and the deposit was dried at 60 1C for 48 h. The
amount of biosorbed Al was measured following cold digestion of
the pelleted sample. The dry weight of the pellet was ﬁrst noted
and the samples digested with nitric acid and hydrogen peroxide
(e.g. White et al., 2008). Two milliliter of ultra-pure concentrated
(67%) nitric acid was added to the centrifuge tube in a fume
cupboard. After 24 h, 2 ml of hydrogen peroxide was added and
the sample was left to digest until it clariﬁed (24–48 h). Digest
blanks were also used. The extraction efﬁciency of the above
method was previously assessed using validated standard
reference material (mussel tissue: Promochem, Middlesex, UK).
The digests were diluted with ionised water and analysed by
inductively coupled plasma atomic emission spectroscopy (ICP-
AES; Perkin-Elmer Optima 5300) using internal standards (Alfa
Aesar Specpure Multielement Plasma Standard 4, 42885, Alfa
Aesar, Heysham, UK). An account of the accuracy, precision and
sensitivity of ICP-AES for the analysis of Al can be found in Burden
et al. (1995).
The concentration of ‘dissolved’ Al in the supernatant was
analysed at 24 h following ﬁltration of a 20 ml aliquot through
a 0.45 mm polycarbonate ﬁlter membrane. The ﬁltrate was
immediately adjusted to pH 3.0 with ultra-pure concentrated
(67%) nitric acid to prevent Al precipitation and adsorption onto
the plastic ware. The concentration of biosorbed Al and soluble Al
in the medium was analysed by ICP-AES, again using internal
standards.Biosorption and toxicity of Al to C. gigantea over the long term
(16 days)
In a separate experiment, the biosorption of Al and its effect on
the growth and elemental composition of C. gigantea in the
presence and absence of Si were evaluated over 16 days.
Thirty conical polycarbonate ﬂasks containing 200 ml of JM
without EDTA were inoculated with 5 ml of C. gigantea stock
culture containing 1105 cells ml1 grown under the conditions
mentioned above. Aluminium was then added to the given ﬁnal
concentrations of 50 and 500 mgl1 plus in the absence and
presence of 5 mgl1 of Si. A control (without adding Al or Si) was
also run. Three replicates were run in parallel for each treatment
and the control, making a total of 15 ﬂasks. A further 15 ﬂasks
containing no C. gigantea allowed the behaviour of Al and Si in the
culture medium in the presence of algae to be corrected for
physical–chemical processes such as absorption into the walls of
the ﬂasks. The pH was adjusted to 7.071.0 and the cultures were
incubated for 16 days under the environmental conditions
outlined above.
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At the end of the exposure period of 16 days, both the
concentration of Al associated with the cells (‘biosorbed’; this is
adsorbed and accumulated) and the concentration of Al incorpo-
rated into the cells (‘accumulated’) were analysed following
exposure to 50 and 500 mgl1 added Al only. The cells were
pelleted, dried and acid digested as above. Analysis of the amount
of Al incorporated into the cells was carried out in a further set of
samples. Pelleted cells were suspended in 0.1 M EDTA for 20 min
in order to remove Al adsorbed onto the cell surface, then
processed and analysed by ICP-AES as previously described.
Effects of Al on cell growth
The effects of Al concentration on the growth of C. gigantea
after 16 days exposure in the presence and absence of Si were
assessed by monitoring the concentration of chlorophyll a. At
intervals of two to three days, 20 ml aliquots of cell culture were
ﬁltered through a 0.45 mm polycarbonate ﬁlter membrane and
stored in the freezer for further processing (no longer than two
days). Chlorophyll a was extracted with 96% ethanol according to
standard procedures (Jespersen and Christoffersen, 1987). The
concentration of chlorophyll is shown to be a good proxy for cell
biomass and hence is commonly used rather than cell numbers
(e.g. Tester et al., 2007).
Effects of Al on the elemental composition of C. gigantea after 16 days
The elemental composition of C. gigantea exposed to 500 mgl1
Al in the presence and absence of aqueous Si was analysed using
energy dispersive X-ray microanalysis (EDXRMA; Sigee and
Levado, 2000). This concentration of aqueous Al was selected as
in the subsequent food chain transfer experiments Daphnia were
fed C. gigantea exposed to 500 mgl1 Al. Controls (without adding
Al or Si) were also run. At the end of 16 days exposure period,
C. gigantea were prepared for analysis of Na, Mg, S, P, Ca, Cl, K, Al
and Si. Aliquots of 50 ml were removed from each of the 15 ﬂasks
containing C. gigantea and ﬁltered through a 1.0 mm polycarbo-
nate ﬁlter membrane using a syringe. The membranes were
washed with deionised water, frozen and stored in liquid nitrogen
for further processing. The membranes were subsequently
transferred to an Edwards tissue dryer and freeze-dried over a
period of 22 h at 60 1C and 102 torr. Once dry, a piece of each
membrane was mounted on a SEM aluminium stub covered with
carbon DAG. The stubs were then carbon-coated according to
standard procedures using a NanoTech coating unit. EDXRMA was
carried out using a Cambridge 360 scanning electron microscope
with Kevex detector and LINK AN10,000 analyser. X-rays were
collected over a live-time of 100 s at an accelerating voltage of
15 kV, a working distance of 25 mm and a magniﬁcation of 6 K.
The X-ray detector was calibrated using inorganic reference
materials to generate internal standards. Accuracy of quantiﬁca-
tion was checked against a range of ultrathin organic standards,
including metalloproteins and deﬁned gelatin/inorganic mixtures.
Transfer of Al from C. gigantea to D. pulex
Exposure of D. pulex to Al-contaminated C. gigantea
The accumulation and transfer of Al at the phytoplankton/
zooplankton interface were assessed by feeding D. pulex with C.
gigantea previously exposed to the highest concentration of Al
(500 mg l1) used in this study. Aliquots of 1.5 l of sterilized lake
water were poured into six previously acid-washed 2l polypro-
pylene beakers. The pH was adjusted to 7.0 with 1 M HCl or NaOH,the temperature was maintained at 19 1C, and the water saturated
with oxygen for 2 h prior to transfer. Approximately 100 (73)
juvenile and adult organisms (excluding gravid females) from the
stock culture were transferred to each beaker using a pipette. At
intervals of two days plus day zero, the organisms in three
beakers were fed C. gigantea cultured under control (no Al)
conditions whereas the organisms in the other three beakers were
fed C. gigantea grown in 500 mg l1 added Al (Al-contaminated
Chlamydomonas). The feeding procedure was as follows: aliquots
of 200 ml of C. gigantea cultures were spun down at 4000 rpm for
5 min to pellet the cells; the supernatant siphoned off and the
cells were re-suspended in the Daphnia cultures. The amount of C.
gigantea added to the control and experimental Daphnia cultures,
expressed as levels of chlorophyll a were 669 and 82 mg l1,
respectively. The Daphnia cultures were maintained for 16 days at
the same environmental conditions as the stock Chlamydomonas
cultures. Changes of water and removal of dead organisms were
carried out every four days in Daphnia cultures. The Chlamydo-
monas cultures were maintained in their exponential growth
phase by diluting with fresh medium (with and without Al) every
three to four days.
Biomass sampling and analysis
The accumulation of Al by Daphniawas analysed by measuring
the concentration of Al in organisms using the ICP-AES. At the
end of the 16 day feeding period, and after a 24 h starvation
period to remove metal contaminated food from the gut
(Chapman, 1985), Daphnia were removed from water with a
plastic net, washed with de-ionized water and processed for Al
analysis as described above.
Effect of Al on the elemental composition of D. pulex
The effects of Al on the elemental composition of Daphniawere
assessed by analyzing changes in the elemental composition of
the organisms fed with Al-contaminated C. gigantea after 16 days
exposure. Approximately 60 Daphnia from each treatment plus
control (no added Al) were homogenized and prepared for
analysis of Na, Mg, P, S, Cl, K, Ca, Fe and Si using EDXRMA as
freeze-dried microdroplets. These droplets were prepared by
placing a 100 ml of homogenate on an EM stub after freeze-drying
as previously described.
Statistical analysis
Differences between treatments were assessed using one-way
and two-way ANOVA. When signiﬁcant differences were detected
at a 95% level of conﬁdence, the multi-range Tukey’s test was
applied. Differences between control solutions and solutions
containing algae were assessed using a paired t-test. All statistical
tests were carried out using the computer package SPSS.Results
Biosorption of Al to C. gigantea over the short-term (24 h)
Changes in aqueous Al
The amount of ‘soluble’ (o0.45 mm) Al in the medium
containing no added Si at all three exposure concentrations was
signiﬁcantly greater in the presence of C. gigantea compared to
algal-free medium after 24 h (all po0.05 or below; Table 1).
Addition of Si at 50 and 100 mgl1 but not 500 mgl1 added Al
retained signiﬁcantly more Al in solution in the absence of
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amount of ‘dissolved’ Al in the medium containing 500 mgl1
added Al in the presence (po0.01) of the alga but no difference
was observed at 50 and 100 mgl1 added Al (Table 1).
Concentrations of Al in media contained 100 mgl1 added metal
are greater than the amount added, which we ascribe to a
measurement artefact.
Changes in Al biosorption by C. gigantea
Over the ﬁrst 4 h and at 24 h, the concentration of Al biosorbed
by C. gigantea in the absence of aqueous Si increased (po0.01)
compared to unexposed controls (Cont.; Fig. 1) when exposed
to the highest concentration of the metal (Al: 500; Fig. 1).
Cell concentrations were 0.65 and 5.4 mg Al g dry wt1 in
controls and 500 mgl1 respectively at 4 h, and 1.5 and
12.9 mg Al g dry wt1 in controls and 500 mgl1 respectively at
24 h. Biosorbed Al was also greater (po0.01) than controls when
C. gigantea was exposed to 500 mgl1 plus Si, but only following
4 h exposure (Fig. 1). Exposure to Al plus Si for 24 h decreased
(po0.05) biosorbed Al in the 500 mgl1 Al treatment from
12.9 mg g1 (Al:500) to 4.1 mg g1 (Al:500+Si; Fig. 1).Table 1
Inﬂuence of Chlamydomonas gigantea on the mean (n=3, +1SD in parentheses)
concentration as mgl1 of ‘dissolved’ (o0.45 mm) Al in Jaworsky medium after
exposure to 50, 100 or 500 mgl1 added Al in the presence (Al+Si) or absence (Al)
of 5 mgl1 added Si for 24 h.
Treatment Algae No algae
Al 50 53.6 (717) 23 (72)
Al 50+Si 57 (71.7) 61 (71.7)
Al 100 83.5 (722) 26 (75)
Al 100 + Si 112 (74) 130 (71)
Al 500 160 (710) 97 (722)
Al 500+Si 282 (726) 58 (717)
The media contained 12.4 mg l1 potassium hydrogen phosphate and the pH was
maintained at 7.0 throughout the experiment. ICP-AES data.
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Fig. 1. Mean concentration (n=3, 71SD) of Al biosorbed to Chlamydomonas gigantea
absence of 5 mg l1 Si. a=signiﬁcantly different (po0.001) from Control, Al:50 and A
c=signiﬁcant differences (po0.05) between added and no added Si. ICP-AES data.Biosorption, accumulation and toxicity of Al to C. gigantea over the
long term (16 days)
Biosorption and accumulation of Al by C. gigantea
The amount of Al biosorbed by C. gigantea in the presence and
absence of added Si after 16 days exposure signiﬁcantly increased
(po0.001; Fig. 2) compared to controls only following exposure
to 500 mgl1 Al, from 0.1 mg Al g1 in the control to 5.9 mg Al g1
in 500 mgl1 Al treatment (Fig. 2). Concentrations of Al biosorbed
after 16 days exposure to added Al were lower (po0.05) than
following exposure for 24 h in the earlier experiment (comparing
Figs. 1 and 2). Addition of Si had no effect (p40.001) on the
amount of Al biosorbed by the cells at either exposure
concentration (Fig. 2).
Amounts of accumulated Al in C. gigantea (EDTA-washed cells;
Fig. 2) exposed to 50 and 500 mgl1 Al without Si increased
(po0.01) from 0.13 to 1.9 mg g1. Comparison with the amount
of Al biosorbed by C. gigantea indicates that 39% and 33% of Al was
incorporated into the cell. In the presence of Si, 0.1 and
1.1 mg g1 Al was accumulated in 50 and 500 mgl1 Al treat-
ments, respectively—aqueous Si therefore decreased (by 14%;
po0.05) the amount of Al accumulated by C. gigantea exposed to
500 mgl1 Al whereas it had no effect (p40.05) at 50 mgl1 Al.Effects Al on cell growth
The concentration of chlorophyll a (a measure of algal
biomass) in treatments exposed to Al were lower (po0.001)
than in the control populations (no added Al; Fig. 3) from day 12,
indicating an inhibitory effect of the metal on growth of C.
gigantea. By day 16, the concentration of chlorophyll a in the
control populations was 669 mg l1 compared to 234 and
82 mg l1 in 50 and 500 mgl1 Al treatments, respectively. By
day 16, 500 mgl1 Al resulted in signiﬁcantly (po0.01) reduced
growth compared to 50 mgl1 Al (Fig. 3).
Addition of 5 mg l1 Si to the Al-exposed cultures had no effect
on growth as the concentration of chlorophyll a did not change
(p40.05) at either treatment or with time during the 16-day
experiment (Fig. 3).atment
a
b c
l100 Al100+Si Al500 Al500+Si
after 4 and 24 h of exposure to 50, 100 and 500 mg l1 of Al in the presence and
l:100, b=signiﬁcant differences (po0.05) between 4 and 24 h exposure to Al and
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after 16 days
Analysis of the elemental composition of C. gigantea at the
end of the 16 day exposure period showed a change in the
concentration of the major elements S, Mg, Na and K but not P
or Cl following exposure to 500 mg l1Al (Fig. 4). The
concentration of S fell (po0.001) with the addition of Al from
1.1 mg g1 in the control population to 0.1 mg g1 in
500 mg l1 Al treatment. Addition of 500 mg l1 Al resulted in
a decrease in the amount of Mg (po0.001) from 4.6 mg g1 in
the control to 0.34 mg g1 in 500 mg l1Al. Amounts of K
decreased (po0.01) at 500 mg l1Al from 3.12 to 1.38 mg g1
and Na from 0.8 to 0.06 mg g1 (po0.001). Addition of Si
signiﬁcantly (po0.05) ameliorated the effects of Al on K only
(Fig. 4).Transfer of Al from C. gigantea to D. pulex
Fig. 5 shows the concentration of Al in D. pulex fed C. gigantea
previously grown in 500 mg l1 added aqueous Al for 16 days
compared to those fed C. gigantea grown in the absence of added
Al. There was no difference (p4 0.05) in the amount of Al
accumulated by D. pulex from the two treatments (153 mg g1,
Al-exposed; 142 mg g1, non Al-exposed).Effects of Al on the elemental composition of D. pulex
Analysis of the elemental composition of D. pulex at the end of
the experimental period showed signiﬁcant alterations in the
concentrations of a number of cellular elements (Table 2).
Amounts of S, Cl, Ca, Fe and Si in D. pulex fed Al-contaminated
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organisms fed cells grown in the absence of added Al. The
concentration of Al did not increase (p40.05; Table 2), which
supports the results of the bulk analysis (Fig. 5).Discussion
Behaviour of Al in the growth media
Between 54% and 81% of the added Al in control solutions was
in an insoluble (40.45 mm) form after 24 h, depending on the
added concentration. Such behaviour results from a decrease in
the solubility of the added Al in the medium, which was
maintained at pH 7.0 due to the formation of uncharged and
negatively charged hydroxide complexes such as Al(OH)3 (Driscoll
and Schecher, 1990; Harris, 1996) at neutral pH. Some of Al
hydroxides remain in the water column while others precipitate
ARTICLE IN PRESS
Table 2
Mean (mg g1, n=5, 71SD) elemental concentrations in Daphnia-fed C. gigantea grown at high Al concentration (500 mg l1) for 16 days and in media containing no added
Al (control).
Na Mg P S Cl K Ca Fe Si Al
Control 1.3 1.8 7.5 2.7 0.6 0.8 18.7 0.8 0.4 0.4
70 70.3 70.1 70.2 70.2 70.1 71.6 70.3 70.1 70.2
Al 1.8 1.9 7.0 3.2 nn 1.4 n 0.9 30.2 nn 1.2 n 0.7 nn 0.4
70.7 70.4 70.2 70.2 70.5 70.1 73.8 70.3 70.2 70.1
n Indicates signiﬁcant differences at po0.05. nn Indicates signiﬁcant differences at po0.01. EDXRMA data.
P. Quiroz-Va´zquez et al. / Limnologica 40 (2010) 269–277 275out and adsorb onto the sides of the container. Around 10–20% of
100 mg l1 added Al and 40–50% of 500 mg l1 are adsorbed and
precipitated (e.g. Elangovan et al., 1997, 1999; Jugdaohsingh et al.,
1998; Dobranskyte et al., 2006). Adsorption and precipitation of
Al at solid surfaces, including stone and gravel substrates
(e.g. Balance et al., 2001) are a natural phenomenon and is not a
function of our experimental set-up. At circum-neutral pH, the
interaction of Al with phytoplankton is thus governed by passive
adsorption of the colloidal metal onto the cell wall. C. gigantea
increased the amount of Al remaining in the growth medium at all
three concentrations. Chlamydomonas is surrounded by an extra-
cellular coat of glycoproteins (Miller et al., 1972). Glycoproteins
reduce the polymerisation and hence precipitation of Al(OH)3 (e.g.
Powell et al., 1999) and so are likely to result in the retention of
more Al as sub-0.45 m colloids in the water column.
Silicon increased the amount of Al in the growth medium at
all exposure concentrations and in the presence and absence of
C. gigantea with the exception of 50 mgl1 added Al in the
presence of algae and 500 mg l1 in the absence. The inﬂuence of
Si on the amount of ‘dissolved’ Al was probably due to the
formation of small (less than 0.45 mm) colloidal hydroxyalumi-
nosilicates (HAS) (Doucet et al., 2001).Biosorption and toxicity of Al to C. gigantea
Biosorption and accumulation of Al by C. gigantea showed
variable behaviours in relation to concentration of added Al and
time of exposure. Biosorption of trace metals by algal cells
generally increase with time of exposure (Collard and Matagne,
1994). However, biosorption of Al by C. gigantea in this study was
not observed in between 4 and 16 days at low (50 mg l1) and
medium (100 mg l1) concentrations but only at the highest
added concentration (500 mg l1). It is proposed that this species
is able to control the uptake of Al at low exposure concentrations
by producing extracellular compounds, which are known to
reduce the toxicity of other potential aqueous toxins (Bhatnagar
and Bhatnagar, 2000; Kola et al., 2004). Similar concentrations of
Al to that observed in C. gigantea exposed to 500 mg l1 Al were
found in mixed phytoplankton from a circum neutral lake
containing from o10 mg l1 to 104 mg l1 Al (Quiroz-Va´zquez
et al., 2008), so factors other than the aqueous concentration will
inﬂuence the bioavailability of Al such as the concentration of
organic and inorganic ligands (e.g. Yokel, 2004).
Only one-third of the biosorbed Al was accumulated by
C. gigantea. Some algae produce class III metallothioneins, which
bind trace metal ions and so prevent biosorption and incorpora-
tion into the cell (Butler et al., 1980; Collard and Matagne, 1994;
Rout et al., 2001). Aluminium does not bind to metallothioneins
(Roesijadi, 1992) but binding to glycoproteins that are associated
with Chlamydomonas cell wall (Goodenough and Heuser, 1985;
Voigt et al., 2009) may have reduced the reduction in uptake. A
further possible explanation for the limited bioavailability of the
biosorbed aluminium is the presence of over 12 mg of KH2PO4 l
1(2.7 mg P l1) in the Jaworsky Medium (Thompson et al., 1988).
Phosphate decreases the solubility of aluminium (Driscoll and
Schecher, 1990) and therefore is likely to reduce availability to
the cultured C. gigantea. Quantitative studies on the binding of
Al3+ by blood proteins demonstrated that the availability and
toxicity of Al were not only regulated by pH but also by the
simultaneous presence of binding ligands, including phosphate
(Martin, 1987).
Over 16 days of exposure, all three Al concentrations adversely
affected growth in C. gigantea. The detrimental effects of high
concentrations of Al (4500 mg l1) to several species of green
algae have been previously reported (Claesson and Tornqvist,
1988; Danilov and Ekelund, 2002). The mechanisms of Al toxicity
in algae are still very poorly understood although possibilities
include a decrease in growth as a consequence of higher
utilization of energy and biomass resources in the detoxiﬁcation
process (Collard and Matagne, 1994) and direct damage to cellular
structures such as the cell membrane and Golgi apparatus (Bennet
et al., 1987; Collard and Matagne, 1994). A further reason is the
interference of Al with uptake, transport and utilization of key
cations such as Ca, Mg, K and Fe, and the consequent alteration in
enzyme activity (Kong et al., 1999; Rout et al., 2001). A signiﬁcant
alteration in Mg, K and Na was observed in this study, although
only at the highest concentration of Al.
Adverse effects of Al on the biota include not only the toxicity
to organisms but also the reduction in the productivity of
ecosystems (e.g. Exley et al., 1993). In acidiﬁed lakes, Al is shown
to play an important role on nutrient cycling, particularly in the
availability and metabolism of P. Aluminium may precipitate
soluble phosphate in catchments making it unavailable for algal
growth. Such lack of phosphate alters, in turn, the activity of
extracellular phosphatases, which play an important role in
phosphorus metabolism by sequestration from the medium
(e.g. Horne and Goldman, 1994). For example, Olsson (1991)
and Vrba et al. (1996) found that in several anthropogenically
acidiﬁed lakes containing high concentrations of Al, the activity of
extracellular phosphatases was extremely high. Similarly, Bittl
et al. (2001), who examined the effect of Al on the kinetics of acid
phosphatases observed a reduction in substrate afﬁnity at Al
concentrations between 300 and 1000 mg l1 at pH 4.5 and 4.8.Inﬂuence of Si on the biosorption and toxicity of Al to C. gigantea
The inﬂuence of Si on the bioavailability and toxicity of Al to
organisms has been extensively examined (Cocker et al., 1998;
Exley et al., 2002). In the present study, addition of Na2SiO3
(5 mg l1) had no effect on biosorbtion of 500 mg l1Al (biosorp-
tion was not observed at 50 and 100 mg l1Al) after 4 h and 16
days exposure but signiﬁcantly reduced biosorption at 24 h. Silica
did however decrease the amount of Al accumulated by
C. gigantea after 16 days. The reduced biosorption and accumula-
tion may be due to a decrease in binding Al to the cell following
the formation of HAS.
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to the formation of biologically unavailable compounds such as
HAS (Exley et al., 2002). This reduction in toxicity to phytoplank-
ton is, in part, due to the preferential binding to Al in competition
with P (Martin, 1986; Exley et al., 1993). Silicon did not, however,
ameliorate the toxicity of Al to C. gigantea in this study.
Transfer and effects of Al on zooplankton
The concentrations of Al in D. pulex-fed Al-contaminated
C. gigantea for 16 days were not signiﬁcantly different from the
concentration in organisms fed with the alga grown in the
absence of added Al. Two possible explanations may account for
this result. One is that Al adsorbed onto the cell surface of
C. gigantea was not taken up by Daphnia, leaving only the
incorporated Al to be ingested. These incorporated amounts,
although representing a relatively high percentage of the total Al
associated with the cells (40%), may have been insufﬁcient to
result in detectably greater concentrations in D. pulex. However,
desorption and breakdown of the putative Al-glycoprotein
complex would be expected in the acidic (Jones et al., 1969)
crustacean gut. A second possibility is that most of the ingested Al
was rapidly excreted. Previous laboratory studies have demon-
strated that Daphnia can rapidly release ingested metals using
several mechanisms (Yu and Wang, 2002). In a study on the
assimilation efﬁciency, efﬂux rate, and release budget of Cd, Cr, Se
and Zn by D. pulex, Yu and Wang (2002) found that even when the
organisms ingested and assimilated relatively high amounts of
metal, release occurred almost immediately via several mechan-
isms, among which excretion into the dissolved phase, loss with
the faeces, and moulting represented the major routes of loss.
Chlamydomonas gigantea contaminated with Al contained less
S, Mg, K and Na. However, the concentrations of those elements in
D. pulex did not change, except S, which was signiﬁcantly higher
than in the control populations. The concentration of Cl, Ca, Fe and
Si were signiﬁcantly higher, perhaps due to an unbalance caused
by the low nutritional value of Al-contaminated C. gigantea.
This study provides clear evidence that Al at near-neutral pH is
able to enter the planktonic food chain and that the degree of
biosorption and accumulation by phytoplankton is inﬂuenced by
aqueous Si. It is therefore apparent that total Al alone is not a
predictor of bioavailability as the entry of Al into the freshwater
food chain will also be inﬂuenced by the relative amounts of Al-
binding ligands such as Si that are highly variable in natural
waters (Sigee, 2004).Acknowledgements
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